Mercury is a contaminant of global concern. It is transported in the atmosphere primarily as gaseous elemental mercury, but its reactivity and deposition to the surface environment, through which it enters the aquatic food chain, is greatly enhanced following oxidation. Measurements and modelling studies of oxidised mercury in the polar to subtropical marine boundary layer (MBL) have suggested that photolytically produced bromine atoms are the primary oxidant of mercury. We report year-round measurements of elemental and oxidised mercury, along with ozone, halogen oxides (IO and BrO) and nitrogen oxides (NO 2 ), in the MBL over the Galápagos Islands in the equatorial Pacific. Elemental mercury concentration remained low throughout the year, while higher than expected levels of oxidised mercury occurred around midday. Our results show that the production of oxidised mercury in the tropical MBL cannot be accounted for by bromine oxidation only, or by the inclusion of ozone and hydroxyl. As a two-step oxidation mechanism, where the HgBr intermediate is further oxidised to Hg(II), depends critically on the stability of HgBr, an additional oxidant is needed to react with HgBr to explain more than 50 % of the observed oxidised mercury. Based on best available thermodynamic data, we show that atomic iodine, NO 2 , or HO 2 could all play the potential role of the missing oxidant, though their relative importance cannot be determined explicitly at this time due to the uncertainties associated with mercury oxidation kinetics. We conclude that the key pathway that significantly enhances atmospheric mercury oxida-tion and deposition to the tropical oceans is missing from the current understanding of atmospheric mercury oxidation.
Introduction
Mercury is a contaminant of global concern due to its longrange transport via the atmosphere, bioaccumulation and biomagnification in aquatic ecosystems, and developmental neurotoxicity to humans (Selin, 2009 ). The biogeochemical cycle of mercury has been greatly perturbed by present-day anthropogenic emissions and reemissions from the legacy mercury accumulated in the oceans and soil reservoirs (Lindberg et al., 2007; Soerensen et al., 2010b) . Transported in the atmosphere primarily in the form of less reactive, gaseous elemental mercury (Hg(0), or GEM), the principal process governing the transfer of mercury from the atmosphere to the oceans involves oxidation of Hg(0), because oxidized mercury (primarily Hg(II), but it may also include Hg(I) intermediates) is more prone to deposition than Hg(0) (Steffen et al., 2008; Strode et al., 2007) . However, the mechanism of Hg(0) oxidation in the marine boundary layer (MBL) and its subsequent removal are not well known, particularly in the tropical oceans (Strode et al., 2007; Soerensen et al., 2010a) .
Mercury dynamics in the tropical MBL is of interest as the upwelling of colder and nutrient-rich waters in these regions is known to be associated with enhanced mercury evasion from the oceans, presumably due to phytoplankton's conversion of seawater Hg(II) to Hg(0) (Fitzgerald et al., 1984; Kim and Fitzgerald, 1986) , but can also be due to photochemical reduction of seawater Hg(II) (Soerensen et al., 2010b (Soerensen et al., , 2013 . Major discrepancies, however, exist in the magnitude and fate of this re-emitted mercury. For instance, while one ship-based study reported a very high spike in the Hg(0) concentration in the MBL when over the upwelling region in the equatorial Pacific Ocean (Fitzgerald et al., 1984) , no such increase in MBL Hg(0) was found in subsequent studies (Kim and Fitzgerald, 1986; Soerensen et al., 2010a) . Continuous monitoring of total gaseous mercury at a tropical Atlantic coastal site in Suriname did not detect any mercury evasion signals (Muller et al., 2012) . Global mercury modelling has also resulted in highly contradictory estimates: an earlier model suggested that oceanic mercury emissions are largest in the tropics (Strode et al., 2007) , but the net oceanic mercury emission from the tropical ocean was much less in a more recent estimate (Soerensen et al., 2010b) .
Measurements of reactive gaseous mercury (RGM; primarily gaseous Hg(II)) in the polar (Simpson et al., 2007; Steffen et al., 2008) to sub-tropical MBL (Laurier et al., 2003; Laurier and Mason, 2007; Obrist et al., 2011) and global mercury transport modelling (Holmes et al., 2010; Soerensen et al., 2010b) have suggested that the oxidation of Hg(0) in the MBL is primarily by atomic bromine (Br), which is produced photolytically from Br-containing compounds and through the Br/BrO cycle involving tropospheric O 3 (Saiz-Lopez and von Glasow, 2012) . The currently held bromine-induced elemental mercury oxidation scheme (reactions R6-R9, Table 1 ) is thought to involve a Hg(I) intermediate HgBr (Goodsite et al., 2004 (Goodsite et al., , 2012 Holmes et al., 2010) . This scheme is favoured at colder temperatures in the polar regions, where the HgBr intermediate formed is stable enough to undergo further oxidation to Hg(II) (Goodsite et al., 2004 (Goodsite et al., , 2012 . The contribution of bromine to Hg(I)-to-Hg(II) oxidation in the tropical MBL is, however, expected to be of lesser importance, since reactive bromine concentrations are generally low in the tropical regions (Theys et al., 2011) and since the HgBr intermediate tends to dissociate readily under warm temperatures (Goodsite et al., 2004 (Goodsite et al., , 2012 Dibble et al., 2012) . Gas-phase O 3 , OH, HO 2 , H 2 O 2 , and NO 3 are all capable of oxidizing Hg(0) (e.g. reactions R1-R5 in Table 1 ) (Lin and Pehkonen, 1999; Dibble et al., 2012) ; however, it is generally thought that they play a negligible role in the observed production of RGM in the troposphere (Holmes et al., 2010) because their bonding with Hg(0) is either too weak or the reactions are too slow (Dibble et al., 2012) .
An indication that bromine atoms may not be the only important oxidant for mercury in the tropical MBL can be observed in a recent round-the-globe cruise study (Soerensen et al., 2010a) . Although generally low, the peak RGM concentrations at a few sites in the MBL of the tropical Atlantic and Pacific oceans were similar to those observed in the subtropical and temperate regions (Soerensen et al., 2010a) . As the concentrations of atomic chlorine in the MBL are very low (≤ 10 4 atoms cm −3 ) , one plausible candidate oxidant would be atomic iodine (I), which is predicted to aid in rapid oxidation of the HgBr intermediate (reaction R10 in Table 1 ) (Goodsite et al., 2004 (Goodsite et al., , 2012 . Indeed, a role of iodine-containing species in RGM formation has been implied by modelling studies in the polar regions (Saiz-Lopez et al., 2008; Calvert and Lindberg, 2004 ), but has not been experimentally confirmed or quantified. Quantum chemical calculations have recently suggested that the HgBr intermediate could also be further oxidized in the presence of other free radicals such as NO 2 , HO 2 , ClO, and BrO (reactions R12-R16 in Table 1 ) (Dibble et al., 2012) .
As part of the Climate and HAlogen Reactivity tropi-caL Experiment (CHARLEX) (Gómez Martín et al., 2013) , a year-round field campaign was carried out in 2011 at the Galápagos Islands to measure Hg(0), oxidised mercury (RGM, and particulate mercury or Hg P ), along with O 3 , halogen oxides (BrO and IO) and NO 2 , in the tropical Pacific MBL. Different from ship-based studies where each station was only measured for a short period of time (Soerensen et al., 2010a) , the CHARLEX campaign provided an opportunity to observe mercury species at a fixed location for an extended period of time, allowing detailed examination of the diurnal and seasonal variations. Hedgecock and Pirrone (2001) a HgBr 2 refers to BrHgBr. The geometries of these BrHgX species (X = Br, OH, NO 2 , HO 2 ) are reported by Dibble et al. (2012) . b Calculations at 298 K and 1 atm using ab initio data from Dibble et al. (2012) . The inverse Laplace transform (Davies et al., 1986; Robertson et al., 1995) version of the MESMER algorithm (http://sourceforge.net/projects/mesmer) (Glowacki et al., 2012) is employed. High-pressure limit rate coefficients are estimated from long-range capture rates. Relevant parameters for the master equation calculations are: < E down > = 300 cm −1 , σ = 3 Å, ε/κ = 250 K. Note that the rate coefficient for (R9') is in reasonable agreement with the lower limit obtained from quasiclassical trajectory calculations by Balavanov et al. (2005) . c Not included in the study by Dibble et al. (2012) . Calculations at 298 K and 1 atm using our own ab initio data at the same level of theory considered by Dibble et al. (2012) . d We assume the same solubility for all halogen complexes of Hg (e.g. HgCl 2 , HgBr 2 , HgBrI) (Hedgecock and Pirrone, 2001 ).
Experimental

Site description
The CHARLEX field campaign was carried out from February to October 2011 on the Galápagos Islands to investigate halogen and mercury chemistry in the tropical Pacific MBL. Details of the sampling sites and the general oceanic and atmospheric circulation systems around the Galápagos Islands can be found elsewhere (Gómez Martín et al., 2013) . Briefly, the southern shores of the archipelago receive the prevailing southeasterly trade winds directly off the ocean for ∼ 90 % of the time, carrying air masses that have been over the open ocean for many days (Fig. 1 ). The associated Humboldt cold oceanic current induces the cool and dry season from June to November. The moisture evaporating from the sea is trapped in an inversion layer (300 to 800 m above sea level) creating stratus clouds, which are intercepted by the southern volcanic slopes of the islands where precipitation is received in the form of mist rain ("garúa"), while lowland areas remain dry and relatively cold. During the northern winter, the Inter-Tropical Convergence Zone edge migrates south, close to the northernmost islands, weakening the southeasterly trade winds and shifting the dominant oceanic current to the North Equatorial Countercurrent. For a few weeks northeasterlies can reach even the south of the archipelago as shown by the red backtrajectories in Fig. 1 . Warmer waters cause the cold season inversion layer to break up. Thus, the hot season is characterized by typical tropical weather, with clear skies alternating with convection and occasionally heavy orographic rainfall.
Characteristic features of the Galápagos Islands are the exceptional amplitude of the seasonal variability of the sea surface temperature (SST) and the existence of spatially consistent, temporally variable areas with elevated primary productivity (salinity > 34, [Chl a] > 0.4 mg m −3 , SST < 24 • C) related to topographic upwelling from the Equatorial Undercurrent into surface waters (Schaeffer et al., 2008) .
Measurements
Real-time concentrations of Hg(0), ozone, BrO, IO and NO 2 were measured throughout most of the 9-month duration, whereas the concentrations of RGM and Hg P were measured in three different seasons: 23 February-29 March, 10-19 June, and 10-26 October. From February to June 2011, the monitoring was performed at a waterside platform in Puerto Villamil, Isabela Island (0 • 57 S, 90 • 58 W). The station was subsequently relocated, from July to October 2011, to the local WMO station (S/N 84008) in Puerto Baquerizo Moreno, San Cristóbal Island (0 • 54 S, 89 • 36 W). Both sites are located south of the equatorial front and are under the southeast trade wind regime, with January to April being the hot and wet season (Gómez Martín et al., 2013) .
Atmospheric concentrations of Hg(0), RGM and Hg P were measured using an automated Tekran system comprised of Model 1130 and 1135 speciation units with a Model 1102 air dryer and a 2537B mercury vapour analyser, following established procedures (Steffen et al., 2012; Soerensen et al., 2010a) . The system was configured to measure Hg(0) with a temporal resolution of 5 min and RGM and Hg P every 3 h. RGM was operationally defined as the Hg that was retained on a KCl-coated quartz annular denuder, and Hg P as the Hg that passed through the KCl-coated denuder and retained on a downstream 2.5 µm quartz filter. All mercury data are reported in units of nanograms or picograms per standard cubic metre under the standard conditions of 0 • C and 1 atm. Extensive laboratory and field tests have established that the detection limit (DL) for Hg(0) measured by this technique is better than 0.10 ng m −3 for Hg(0) (Tekran, 2011). Based on the sampling volumes, the DL for RGM and Hg P was estimated to be better than 0.42 pg m −3 . Calibration of the system was carried out daily with the built-in internal mercury permeation source within the Tekran 2537B detector, and monthly with manual injections of an external mercury source (Tekran 2505). No calibration standards were available for RGM and Hg P , but the 1σ precision for RGM and Hg P was about 15 % (Landis et al., 2002) . Other QA/QC procedures followed the standard procedures developed by Environment Canada, and are comparable with those by the Atmospheric Mercury Network (AMNet) of the USA (Steffen et al., 2012) .
While the same Tekran-based mercury speciation technique has been widely used by Environment Canada, the Atmospheric Mercury Network (AMNet) of the USA, and the Global Mercury Observation System (GMOS) of the European Union, it should be noted that recent studies, published after the completion of the field programme of this study, have shown that the KCl-coated denuder in the Tekran technique does not efficiently collect all gaseous oxidized mercury (GOM) compounds (e.g. HgCl 2 , HgBr 2 , HgO), and thus could underestimate reactive mercury by up to several fold Huang et al., 2013) . Therefore, RGM values reported in this study should be considered as the lower limits of GOM until the new generation of in situ measurement techniques (e.g. Ambrose et al., 2013 ) is applied at the study site. For this reason, we also retain the widely used terminology RGM, instead of GOM, to flag that our data are only comparable with the existing Tekran-based literature results, and to avoid confusion with GOM values that are being generated through new techniques (e.g. Ambrose et al., 2013) .
The concentrations of BrO and IO were measured by a long-path differential optical absorption spectroscopy (LP-DOAS) (Plane and Saiz-Lopez, 2006 ) and a Multi Axis DOAS (MAX-DOAS) (Hönninger et al., 2004) instrument at a temporal resolution of 1 h, as detailed in Gómez Martín et al. (2013) . In brief, both instruments were shifted between two wavelength regions for detecting BrO, or IO, (CHO) 2 and O 4 (415.6-460.3 nm). The collected spectra were analysed using the QDOAS software (Fayt et al., 2011) . The LP-DOAS mixing ratio DLs (2σ ) were 0.5 parts per trillion by volume (pptv) for BrO and 1 pptv for IO. The MAX-DOAS differential slant column density (dSCD) DLs (1σ ) were 1×10 13 molecule cm −2 for BrO and 0.5 × 10 13 molec cm −2 for IO, which convert to ∼ 1 pptv and 0.2 pptv respectively using radiative transfer calculations (Gómez Martín et al., 2013) .
In situ measurements of O 3 were made using a standard UV absorption instrument (2B technologies, Model 205) at a temporal resolution of 10 min with a DL of 2 parts per billion by volume (ppbv), and NO 2 by a chemiluminescence analyser (Teledyne 200EU) with a DL of 50 pptv. Continuous measurements of relative humidity (RH), temperature, wind speed and direction, and other meteorological parameters were also made at a temporal resolution of 2 min by two weather stations (Davis WeatherLink Vantage), and a global radiometer (Kipp & Zonen CPM11). Daily averaged SST, CDOM, and Chlorophyll a (Chl a) recorded by MODIS (Aqua) for the complete measurement period were obtained from the Ocean Color website (http://oceancolor.gsfc.nasa. gov) and averaged in a 3 • -wide box extending 1 • from the location of the measurements to the south. Direct in situ measurement of SST was carried out at San Cristóbal every 6 h.
Photochemical box modelling
The evolution of mercury species in the MBL was studied by a photochemical box model using the halogen chemical scheme containing iodine and bromine gas phase and heterogeneous uptake reactions (Mahajan et al., 2010) . For the mercury oxidation schemes, Holmes et al. (2009 Holmes et al. ( , 2010 considered both a slow, direct Hg(0) to Hg(II) pathway and a faster, two-step pathway involving the formation of HgBr followed by further oxidation by Br or OH (iodine was not included in their modelling). The latter scheme was primarily based on rate constants estimated from ab initio quantum calculations (Goodsite et al., 2004) . However, the key thermal dissociation rate of HgBr has recently been found erroneous, with revised values at 1 atm and 298 K up to 20 times faster than the previous estimation (Goodsite et al., 2012; Dibble et al., 2012) . Furthermore, other trace gases could also act as oxidants of the HgBr intermediate according to recent ab initio quantum calculations of bonding energies of X-HgBr complexes (X = NO 2 , HO 2 , BrO, ClO) (Dibble et al., 2012) . Therefore, three chemical pathways for mercury oxidation are evaluated with the photochemical model (Table 1) : (i) direct oxidation of Hg (0) to Hg(II) by O 3 (R1), OH (R2), Br 2 (R3), BrO (R4), and ClO (R5); (ii) a two-step mechanism with the original chemistry scheme (i.e. prior to the 2012 revision of the HgBr dissociation rate), where atomic bromine combines with Hg(0) to first form Hg(I) (R6), which is then oxidised to Hg(II) by OH, Cl, Br, and I (R7-R10). This is essentially the same as used in Holmes et al. (2009) , with the exception of oxidation by atomic I, which was not considered in that study; and (iii) a two-step mechanism with an updated chemistry scheme including updated rate constants for reactions R6'-R10' (Goodsite et al., 2012; Dibble et al., 2012) , as well as new aggregation reactions, computed in this study, involving NO 2 (R12 and R13), HO 2 (R14), BrO (R15), and IO (R16). To derive rate constants and thermal dissociation lifetimes for these reactions at 298K and 1 atm from the ab initio data reported by Dibble et al. (2012) , we used the Master Equation Solver for Multi-Energy well Reactions (MESMER) (Glowacki et al., 2012) , in a similar fashion to the calculations performed by Goodsite et al. (2004) for Br + HgBr. Partitioning of HgCl 2 between the gaseous and aqueous phases is also included in the model (R17).
Entrainment of Hg(II) from the free troposphere is calculated according to parameterisation given in Holmes et al. (2009) , which depends on the RGM concentration gradient between the MBL and the free troposphere. The entrainment velocity is considered to be 0.5 cm s −1 (Faloona et al., 2005) and the free tropospheric RGM concentration used for calculating the flux is 20 pg m −3 . The sinks considered for Hg(II) are boundary layer ventilation (calculated in a similar way to the entrainment), sea salt aerosol uptake and dry deposition (deposition velocity of 0.46 cm s −1 ). Uptake of RGM on aerosols is determined by its Henry's law equilibrium constant (K H ), the rates of which are taken from Lindqvist and Rodhe (1985) , and the total aerosol volume. Note that the K H values for bromine-and iodine-containing RGM compounds are considered to be the same as HgCl 2 (1.4 × 10 6 M atm −1 ). The total lifetime of RGM in the MBL is calculated to be 4.8 h. Wet deposition was not considered and data from rainy days have been filtered out to ensure wet deposition did not play a role.
The model is constrained with observed diurnal profiles of NO 2 , O 3 , H 2 O and aerosol surface area (4.07 × 10 −7 cm 2 cm −3 ), and RH along with other meteorological parameters (see Fig. S1 in the Supplement). The boundary layer height is assumed to be 1000 m and is typical of the height observed at the site using radiosonde/ozonesonde data (see Sect. 3.5 below). The prescribed mixing ratios of atomic chlorine (5.5×10 −4 pptv or 1.4×10 4 atoms cm −3 ) and calculated OH (0.2 pptv) at noon are consistent with the box model parameters used by Holmes et al. (2009) . The daytime mixing ratios of NO 2 were under the DL (50 pptv) throughout the campaign and are prescribed to be 40 pptv. The simultaneous rate equations are solved using the KPP 2.2.3 integrator (Sandu and Sander, 2006) . Photodissociation frequencies are calculated offline using a two-stream radiation code (Thompson, 1984) .
The simulations are also constrained with the observed Hg(0) diurnal profiles, and the total Hg(II) generated in different scenarios is then calculated. The model is likewise constrained with the MAX-DOAS observed IO mixing ratios, while the daytime BrO mixing ratio is considered to be equal to 0.2 pptv, consistent with the absence of BrO in the LP-DOAS at 1σ DL and with low bromine levels from satellite estimates (Theys et al., 2011) , and predictions by the large-scale CAM-Chem and GEOS-CHEM (Holmes et al., 2010) chemistry models for the eastern Pacific. Note that sensitivity runs included 0.5 pptv BrO, according to the LP-DOAS detection limit. The Br atom concentration is calculated online in the model, which has a detailed description of bromine chemistry. The BrO/Br ratio (on average about 10 during CHARLEX) is largely sensitive to the O 3 concentration, which is constrained, giving higher confidence in the calculated Br atom concentration. The atomic iodine mixing ratios are calculated from the measured IO mixing ratios using the same chemical box model constrained with the observed IO, O 3 and NO 2 . In this clean environment, the partitioning between IO and I is mainly determined by the IO photolysis rate and the reaction between I and O 3 to form back IO. 2.0 ng m −3 ; n = 20 236) throughout the campaign, and was markedly lower than the total gaseous mercury (which is dominated by Hg (0)) measured at a tropical Atlantic coastal site (Muller et al., 2012) . The Hg(0) levels, especially during evenings, showed considerable seasonal variations (Figs. 2-4) : they were the highest and most variable from February to May, decreased in June, and became the lowest and least variable in October. Contrary to an earlier ship-based study (Fitzgerald et al., 1984) but similar to two subsequent studies (Soerensen et al., 2010a; Kim and Fitzgerald, 1986 ), we did not observe sustained high Hg(0) concentrations that would be indicative of persistently enhanced biotic mercury evasion from the upwelling region in the equatorial Pacific Ocean. This difference may be attributed to temporal and spatial variability in upwelling and in primary production (Kim and Fitzgerald, 1986) . However, no statistically significant relationship was found between Hg(0) and surface Chl a concentration during the 9-month study (Fig. 5a ). Instead, daily averaged Hg(0) was significantly higher (p < 0.001; Mann-Whitney test) in the warmer months of February to June ([Hg(0)] = 1.10 ± 0.13 ng m −3 ; SST = 26.4 ± 1.6 • C) than in the colder month of October ([Hg(0)] = 0.91 ± 0.04 ng m −3 ; SST = 20.4 ± 2.6 • C) ( Fig. 5b) , suggesting oceanic Hg evasion varies seasonally with SST, most probably due to the variation in photolytic reduction of seawater Hg(II) (Soerensen et al., 2010b (Soerensen et al., , 2013 .
Enhanced production of Hg(II)
Mean concentrations of RGM and Hg P were comparable with ship-borne measurements in the MBL of the tropical Atlantic and Pacific oceans (Soerensen et al., 2010a) , though much lower when compared with those occurring during polar mercury depletion events (Steffen et al., 2008) , and showed seasonal variability, with the highest monthly concentrations in October (RGM = 3.8 ± 3.4 pg m −3 , Hg P = 1.1 ± 1.1 pg m −3 ), followed by February-March (RGM = 1.0 ± 1.2 pg m −3 , Hg P = 0.6 ± 0.7 pg m −3 ), and decreasing to below the detection limit in June (Figs. 3 and 4 ). Throughout most of the campaign (except for a 3-day period, 23-25 October, when unusual variations in RGM occurred; Fig. 3) , the concentration of RGM showed a distinct diurnal cycle, with a rapid increase at sunrise, peaking at midday and declining through the afternoon (Fig. 4 ). Hg P closely followed a similar diurnal trend, although its peak concentration was lower.
The peak levels of RGM, up to 10 pg m −3 (most periods) (or 15 pg m −3 during the unusual 3-day period in October) observed in the tropical MBL, are consistent with those reported for some tropical Atlantic and Pacific Ocean sites (Soerensen et al., 2010a) and in the sub-tropical to mid-latitude regions (Laurier et al., 2003; Laurier and Mason, 2007; Soerensen et al., 2010a) . This is surprising given that the BrO mixing ratios were always below the 2σ detection limit of 0.5 pptv throughout the CHARLEX campaign.
With the use of the observed diurnal profiles of Hg(0), O 3 , H 2 O, BrO, IO, and NO 2 , we calculated the RGM due to different oxidation mechanisms (Table 1) with a photochemical box model (Fig. 6) . BrO was considered to range from 0.2 pptv Holmes et al., 2010) to the 0.5 pptv detection limit. The simulations based on the mechanism considered by Holmes et al. (2009) showed that the standard oxidation pathways involving O 3 , OH, or Br, or the combination of them, are not sufficient to explain the high RGM levels measured during CHARLEX. We estimate that the Br-alone scheme can account for no more than 50 % of the RGM observed in October (Fig. 6a) . As mentioned earlier, the RGM reported in this study is likely an underestimate of all GOM in the air Huang et al., 2013; Ambrose et al., 2013) . An additional oxidant is thus needed to reproduce the high midday RGM concentrations. The diurnal variability of RGM clearly shows that this additional oxidant has to be generated by photochemistry.
Potential oxidants of Hg(I) in the tropical MBL
Iodine
In addition to bromine, atomic chlorine is suggested to chemically oxidize Hg(0) (Goodsite et al., 2004 (Goodsite et al., , 2012 Ariya et Fig. 6 . Comparison of the average daily profile of reactive gaseous mercury (RGM) during October (grey area indicates the standard deviation of the data) with simulated profiles obtained by two different modelling approaches. (a) Modelled results from the original chemistry scheme according to Goodsite et al. (2004) and Holmes et al. (2009) under four different scenarios. Scenario 1: oxidation is assumed to result only from OH and O 3 (red line). Scenario 2 adds bromine oxidation using a peak BrO of 0.2 pptv (blue). Scenario 3 (green) assumes BrO to be at the detection limit of the DOAS instrument (0.5 pptv). Scenario 4 (cyan) shows a simulation with 0.2 pptv of BrO and the observed levels of IO, an average of 1 pptv during the daytime. (b) Modelled results using an updated chemistry scheme according to Goodsite et al. (2012) and Dibble et al. (2013) . Peak daytime mixing ratios of the bonding molecules were OH = 0.14 pptv, O 3 = 10 ppbv, Br = 0.08 pptv, I = 0.45 pptv, NO 2 = 40 pptv, and HO 2 = 14 pptv (see Fig. S1 for their diurnal profiles). al., 2002) . Although reaction with chlorine atoms is included in our calculations (R11 in Table 1 ), due to low Cl atom concentrations in the MBL (≤ 1.4 × 10 4 atoms cm −3 ) , it does not have any significant effect on the fate of Hg and can thus not be responsible for the enhanced Hg(II) production observed in this study. For instance, a sensitivity analysis shows that increasing the Cl atom concentration tenfold from the predicted 1 × 10 4 atoms cm −3 to 1 × 10 5 atoms cm −3 results in only 5 % increase in the total RGM. Unlike BrO, IO was consistently measured above the detection limit (0.2 pptv) during the entire campaign, with a peak mixing ratio of 1 pptv (Fig. 2) . Although the bromine re-action with mercury is the major initiating pathway in Hg(0) oxidation to form HgBr, when an additional iodine oxidation reaction (HgBr + I → HgBrI) is added to the twostep reaction scheme (R10 in Table 1 ), using the measured IO concentrations, the modelled rate of RGM formation increases up to four times, which matches the observations well (Fig. 6a) . The significant enhancement of mercury oxidation in the presence of iodine results from the higher I/IO ratio (∼ 7.7× [O 3 ] −1 , with [O 3 ] in ppbv) compared with that of Br/BrO (∼ 2.4× [O 3 ] −1 ), due to faster photolysis of IO with respect to BrO (Saiz-Lopez et al., 2008) . This, together with higher observed IO concentrations, results in an iodine atom concentration roughly an order of magnitude larger than bromine atoms.
NO 2 and/or HO 2
The results shown in Fig. 6a have been obtained using the original two-step oxidation mechanism (Goodsite et al., 2004; Holmes et al., 2009) with the additional contribution of iodine. As mentioned earlier, considerable uncertainty exists regarding this reaction scheme, since the theoretically derived rate constants for the second oxidation step have not been verified experimentally. Furthermore, recent studies (Dibble et al., 2012; Goodsite et al., 2012) found the thermal dissociation rate of HgBr derived by Goodsite et al. (2004) and used in subsequent modelling exercises (Holmes et al., 2009 ) to be in error by an order of magnitude. Dibble et al. (2012) also suggested that other trace gases such as NO 2 , HO 2 , ClO and BrO could act as oxidants of the HgBr intermediate. We have thus carried out further modelling with an updated two-step oxidation mechanism (Table 1 ). The bond energies of X-HgBr (X = NO 2 , HO 2 , BrO, or ClO) are similar to those of BrHgBr and BrHgI (Dibble et al., 2012) , resulting in master equation-derived aggregation rates of the same magnitude (2×10 −11 −1×10 −10 cm 3 molecule −1 s −1 ). Including the updated reaction rates for the formation and dissociation of HgBr and new reactions between HgBr and NO 2 , HO 2 , BrO, and IO (Table 1) , Fig. 6b shows that this scheme would also lead to modelled RGM levels similar to those observed. With this updated reaction scheme, bromine and iodine would only play a very minor role in the conversion of Hg(I) to Hg(II). Instead, the only way to generate RGM levels comparable with the observations reported here is to include the second-step reactions of HgBr with NO 2 and HO 2 (R12-R14). The much faster dissociation rate of HgBr (R7') in the updated chemistry scheme means that nothing else but NO 2 and HO 2 , which have large enough concentrations, would further oxidise HgBr to RGM.
The modelling strongly reveals that some fundamental processes are missing in the currently accepted mercury oxidation mechanism and the two pathways suggested here would improve matching models with observed values of Hg(II). We suggest that the complete mercury oxidation Fig. 7 . Maximum lapse rate (blue) and height of maximum and second maximum lapse rates (solid and empty black circles respectively) obtained from radiosonde data during the CHARLEX campaign. The small blue circles (note corresponding missing black circles) indicate an uncapped boundary layer. In red: reactive gaseous mercury (RGM; full symbols) and particulate mercury (Hg P ; empty symbols). The peak in RGM and Hg P at the end of March (a) is likely related to the disappearance of the inversion and the subsequent subsidence of free tropospheric air masses. The peak in RGM at the end of October was (b) most likely due to a localized and short-lived event.
scheme needs to be subjected to further laboratory and field studies to understand the major oxidation pathways.
Influence of the free troposphere
The highest concentrations of RGM were observed in October when there was a strong inversion in tropospheric temperature at a height of ∼ 1.2 km ( Fig. 7) , suggesting that the influence of free tropospheric RGM entrainment on RGM levels in the MBL was negligible. This, however, may not be the case in March when there was no inversion, with the exception of a period from 18 to 24 March when a weak inversion built up and then disappeared (Fig. 7) . The disappearance of the inversion was followed by an increase in RGM and Hg P on 25 March. Therefore, the entrainment of free tropospheric RGM cannot be ruled out in March, although it is not the source of the high levels observed during October.
RGM source and sinks in the tropical MBL: correlation analysis
The rapid decrease in RGM to the background levels in early evenings indicates efficient removal by boundary layer ventilation, sea salt aerosol uptake and dry deposition (Holmes et al., 2009 (Holmes et al., , 2010 . Modelling studies of night-time RGM in the MBL have shown that both dry deposition and sea salt aerosol uptake increase with wind speed, and that aerosol uptake increases also at low RH (Holmes et al., 2009) . A statistically significant correlation between RGM and wind speed was neither observed for the daily averaged data from the entire campaign, nor for the night-time averaged data from February to June (night-time meteorological data were not available for October). Instead, when considering the daily averaged data from the entire campaign, a statistically significant, negative correlation with RH was found ( Fig. 8) , explaining 68 % of the variance. RGM was highest in October when the RH was lowest (Fig. 2) . Inclusion in the regression fit of an extra term depending linearly on [O 3 ] −1 accounting for a halogen atom-driven RGM source (R9 and R10) improved the fit, but its contribution is small (6 %) and mostly concentrated in the short-term variability during October (Fig. 8) . This highlights the multivariate dependences of RGM sources and sinks and the shifting balance between them. The dominant role of RH suggests that RGM loss is controlled primarily by uptake onto sea salt aerosol, due to association with chloride (Holmes et al., 2009) or to the larger aerosol volumes; this is in agreement with a recent comparative study that shows Hg P is preferentially associated with sea salt at a marine site and with finer aerosols at a coastal site (Feddersen et al., 2012) . The effect of RH on bromine activation on aerosol is not clear, with models suggesting an increase in halogen recycling with increasing RH due to faster uptake and recycling of reservoir species, leading to larger gas phase halogen concentrations (von Glasow et al., 2004) . Note however that BrO mixing ratios were below the 0.5 pptv detection limit during the entire campaign, with periods of significant variation in RH levels.
In the warm and wet season (February-March), a significant negative correlation between ozone and RH (r = −0.609, p < 0.001), and between RGM and RH (r = −0.580, p = 0.002) was observed. In the tropical MBL the seasonal variability of ozone is controlled to a large extent by water vapour, showing a negative correlation due to O( 1 D) scavenging by H 2 O. However, during the shorter measurement period in the cold and dry season (October), although the ozone levels were similar to those in the warm season (Fig. 2) , they appeared decoupled from RH, while a positive dependence of RGM in [O 3 ] −1 (r = 0.526, p = 0.05) existed. Assuming that the RGM source is related to [O 3 ] −1 (e.g. the halogen atom-mediated second step in the old oxidation scheme, see Table 1 ), these relationships would indicate that RH not only controls the removal, but also indirectly influences the production of RGM. Thus, a sustained decrease in ozone in October (∼ 1 ppb day −1 , Fig. 2 ) seems to result in an enhancement of RGM sources, which is not balanced out by the low RH. By contrast, the strong coupling between RH and O 3 would preclude an observable dependence of RGM on other processes during other periods. Finally, it is worth noting that the typical RGM daily cycle remained unaltered throughout several high NO 2 events (∼ 0.5 ppbv) related to shipping activities observed in the warm season. The NO 2 and RGM daily averages or 12 h daytime averages do not show any significant correlation during the period when NO 2 was measured, with r = 0.105 (p = 0.6) and r = 0.279 (p = 0.18) respectively. In October, no NO 2 measurements were carried out, and therefore it is not possible to ascertain its potential role in enhanced RGM formation during that period. It must be noted that such lack of correlation during the warm season may not be indicative of NO 2 not playing a role in mercury oxidation. One of the main reasons for this is the effect of NO 2 on bromine chemistry. In the presence of larger levels of NO 2 , the reservoir bromine species that forms is BrNO 3 , which will limit the reactive bromine available for the formation of HgBr.
Similar to RGM, there is a significant anti-correlation observed between Hg P and RH for the whole data set (r = −0.62, p < 0.001), as well as between Hg P and RGM (r = 0.681, p = 0.001), further supporting the removal of RGM by its association with sea salt (Feddersen et al., 2012) . The observed Hg P / RGM ratio was 0.55 ± 0.25, whereas the only significant correlation of the Hg P / RGM ratio throughout the campaign was with the coloured dissolved organic matter (CDOM) index (r = 0.482, p < 0.01). If oceanic CDOM is considered as a proxy of the organic matter content of sea spray, this may be an indication of a reduction in the RGM to Hg P processing in aerosol due to a decrease in organic matter.
Unusual diurnal cycles of RGM from 23-25 October
While the generally observed mid-day peaking of RGM is more in line with the simulations shown in Fig. 6a or b , an unusual diurnal pattern was seen from 23-25 October (the shaded period in Fig. 3 ). During this short period, RGM peaked twice daily, one from midnight to early morning, and the other in the late afternoon. The peak RGM concentration reached as high as 16 pg m −3 , the highest throughout the entire campaign. Night-time rising of RGM has been reported sporadically in the literature (Holmes et al., 2009; Soerensen et al., 2010a) , though its cause has not been well studied. It could be speculated that elevated NO 2 concentrations emitted over the ∼ 4 km strip of land, separating the ocean from the meteorological station at San Cristobal, could have enhanced the RGM levels via (R12) and (R13). Unfortunately, NO 2 was not monitored during the last 15 days of the campaign, and therefore, this possibility could not be tested. However, as mentioned above, sustained high levels of NO 2 are not compatible with the low O 3 mixing ratios observed. Since the unusual RGM diurnal pattern in this study started and ended abruptly, lasting only three days, and since Hg P did not follow the same pattern, we hypothesize that it could result from a localized condition under which the RGM taken up by sea salt aerosols did not immediately deposit into the ocean and was subsequently re-emitted from the aerosols to the MBL.
Conclusions
The detection of enhanced Hg(II) production over the tropical MBL suggests that modelling based on known oxidation pathways (e.g. by Br, O 3 , and OH radicals) using old kinetic data underestimates mercury oxidation by at least 50 %. Inclusion of iodine in a two-step mercury oxidation mechanism, where an BrHgI aggregate is formed, helps to reconcile the modelled RGM with the observations. However, a recent revision of the HgBr thermal dissociation rate together with high level ab initio calculations of X-HgBr binding energies (X = NO 2 , HO 2 , Br, BrO, I, IO) and our MESMER-calculated rate constants indicate that only NO 2 and HO 2 concentrations would be high enough to generate the observed RGM levels in competition with HgBr dissociation. This suggests that HO 2 and/or NO 2 aggregation with HgBr could be another possibility to explain the enhanced RGM production over the tropical MBL. Furthermore, the cause of unusually high night-time RGM levels observed from 23-25 October remains unclear.
Given that Hg(II) is readily deposited back to the ocean (Holmes et al., 2009) , the observation of enhanced atmospheric mercury oxidation implies enhanced mercury deposition. Our results indicate that the oxidation mechanisms included in mercury transport and chemistry models are missing a major process and therefore do not provide an adequate description of atmosphere-ocean exchanges of mercury in the tropical oceans. To solve this problem, new laboratory and field studies on the kinetics and mechanism of mercury oxidation are needed.
Supplementary material related to this article is available online at http://www.atmos-chem-phys.net/14/ 1323/2014/acp-14-1323-2014-supplement.pdf.
